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a b s t r a c t

This study was designed to understand the basis for the efficacy of methylselenocysteine

(MSC) in increasing the therapeutic index of irinotecan against human tumor xenografts.

Nude mice bearing human head and neck squamous cells carcinoma xenografts (FaDu and

A253) were treated orally with different doses of MSC and irinotecan. Plasma, tumor and

normal tissue samples were collected at different times after MSC treatments and were

analyzed for selenium (Se) concentration using electrothermal atomic absorption spectro-

photometry. MSC is highly effective in modulating the therapeutic index of irinotecan.

Enhanced irinotecan efficacy was greater in FaDu tumors (100% CR) than in A253 tumors

(60% CR), and depended on MSC dose with a minimum effective dose of 0.01 mg/d � 28. The

highest plasma Se concentration was achieved 1 h after a single dose and 28 d after daily

treatments of MSC. The ability of FaDu tumors to retain Se was significantly better than A253

tumors, and the highest Se concentration in normal tissue was achieved in the liver. Peak

plasma and tissue Se concentrations were functions of the dose and duration of MSC

treatment. The MSC-dependent increase in Se level in normal tissues may contribute to the

protective effect against irinotecan toxicity observed in those tissues. Intratumoral total Se

concentration was not found to be predictive of the combination therapy response rates.

There is a critical need to develop a method to measure the active metabolite of MSC, rather

than total Se.

Published by Elsevier Inc.

avai lable at www.sc iencedi rec t .com

journal homepage: www.e lsev ier .com/ locate /b iochempharm
1. Introduction

Selenium (Se) is an essential trace element in human and

animal nutrition. A significant body of animal model and

epidemiological work indicates that Se also can reduce cancer
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risk [1–3]. Several mechanisms have been proposed for this

anticarcinogenic action: regulation of p53 by the Ref1

dependent redox mechanism [4,5]; induction of apoptosis

associated with increased phosphorylation of p53 MAPK and

dephosphorylation of Akt, ERK-1 and ERK-2 [6–8]; and
aximum tolerated dose; CR, cure rates; i.v., intravenously; s.c.,
ion time curve
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antiangiogenic activity by inhibiting the expression of vas-

cular endothelial growth factors (VEGFs) [9], among others.

Although most preclinical chemoprevention studies have

used inorganic sodium selenite, the most informative human

trial [10] used a Se-enriched yeast. Species of Se found in

yeasts are reported to be dependent on the manufacturers and

methods of detection. Although yeast Se is thought to be

predominantly in a form of selenomethionine, other forms of

yeast Se have been reported, such as selenocysteine, methyl-

selenocysteine and unidentified selenium species [2,11–13]. In

the selenium intervention trial by Clark et al. administration of

200 mg of yeast Se was shown to reduce the incidence of

several types of cancers [10,14]. These results are consistent

with most epidemiological studies showing Se status to be

inversely associated with cancer risk [1,15,16]. Based on these

data, the selenium and vitamin E cancer prevention trial

(SELECT) was initiated to determine the effects of Se and

vitamin E in preventing prostate cancer [17]. L-Selenomethio-

nine is one of the two intervention agents used in this trial.

Ip [2] has proposed that the anticarcinogenic actions of Se

involve the formation of methylselenol (CH3SeH) as the active

metabolite. Methylselenocysteine (MSC), a stable, water-

soluble Se-compound that is quantitatively absorbed when

taken orally [18], is then hydrolyzed by a b-lyase to yield

methylselenol [2,10,19].

Previously, Azrak et al. [20] characterized untreated controls

of A253 and FaDu human xenografts of the head and neck

squamous cell carcinomas (HNSCC) using immunohistochem-

istry. A253 tumors are well-differentiated with an average

doubling time of�3.25 d. FaDu tumors are poorly differentiated

with an average doubling time of�2.9 d. Cao et al. [21] reported

that oral administration of MSC at the maximum tolerated dose

(MTD, 0.2 mg/mouse) on a daily� 28 schedule (0.2 mg/d� 28),

in combination with the weekly intravenous (i.v.) schedule

of irinotecan (C33H38N4O6�HCl�3H2O) (100 mg/kg week�1 � 4,

MTD), increased the cure rate from 30% (irinotecan alone) to

100% in FaDu and from 10 to 60% in A253 xenografts. Oral

pretreatment with MSC daily for 7 d prior to initiation of

irinotecan treatment was essential for optimal therapeutic

synergy.

In this study, we determined that the enhanced antitumor

activities of irinotecan and protections from its induced

toxicity are MSC dose dependent. The minimum MSC dose

that is needed to achieve 100% cure rates of irinotecan in FaDu

xenografts was identified. In addition, we evaluated the

pharmacokinetic profiles of Se in the plasma and select

tissues after treatment with various doses of MSC, demon-

strated that FaDu xenografts are capable of retaining Se more

effectively than A253 xenografts, and determined whether Se

levels are predictive of the observed therapeutic synergy of

MSC and irinotecan.
2. Materials and methods

2.1. Mice

Eight to 12-week-old, female athymic nude mice (nu/nu, body

weight 20–25 g) were obtained from Harlan Sprague–Dawley

Inc. (Indianapolis, IN). The mice were housed, five mice/cage,
under specific pathogen-free conditions with water and food

provided ad libitum, according to a protocol approved by the

Institute Animal Care and Use Committee at Roswell Park

Cancer Institute.

2.2. Tumors

Two human head and neck tumor xenografts (FaDu and A253)

were used. Xenografts were initially established by implanting

subcutaneously (s.c.) 106 cultured cells and passed several

generations by transplanting �50 mg non-necrotic tumor

tissue before irinotecan treatment, which began about 1 week

after implantation, when the tumors were 100–200 mg in size.

2.3. Drugs and treatments

Irinotecan was purchased from Pharmacia (Kalamazoo, MI),

as a ready-to-use clinical formulation solution in 5 ml vials

containing 100 mg of drug (20 mg/ml). Irinotecan was admi-

nistered (100 and 200 mg/kg week�1 � 4) by i.v. injection via

the tail vein of animals. Methylselenocysteine hydrochloride

(C4H9NO2Se�HCl) was purchased from Sigma (St. Louis, MO),

as a powder in 100 mg/vial and dissolved in 0.9% NaCl at a final

concentration of 1 mg/ml. It was administered daily by oral

gavages (7 d prior to irinotecan administration and continued

for 28 d) at different doses: 0.001, 0.005, 0.01, 0.05, 0.1, 0.2

(MTD) mg/d.

Treatments were administered to 10 mice in each group per

experiment and every experiment was repeated twice. Cure

rates (CR) were defined as no detectable tumor at the site of

transplant for up to 3 months after termination of treatment.

Plasma samples were collected: (a) 1, 2, 4, 8, 12, 16, and 24 h

after treatment with a single dose of MSC at 0.2 mg/d; (b) 2 h

after treatment with MSC (0.2 mg/d) for 7, 14, 21 and 28 d; (c)

2 h after 7 d treatment with different doses of MSC (0.005, 0.01,

0.05, 0.1, 0.2 mg/d � 7). Tissue samples were collected at 2 h

after 7 d treatment with various doses of MSC (0.005, 0.01, 0.05,

and 0.2 mg/d � 7).

2.4. Total selenium measurement analysis

Total Se in plasma and tissues was measured by electro-

thermal atomic absorption spectrophotometry, using a PC-

based ZL4100 Atomic Absorption Spectrophotometer (Perkin-

Elmer) equipped with autosampler or automated Zeeman-

effect background correction (Spectra AA-600, Varian Instru-

ments, Walnut Creek, CA). Tissues were homogenized in

0.25% triton X-100 (10 ml diluent/1 g tissue weight) using a

Polytron tissue homogenizer (Brinkmann Instruments, West-

bury, NY). Standard curves ranging from 40 to 800 ng/ml were

prepared using the selenium atomic absorption spectroscopy

analytical standard (Perkin-Elmer) or L-selenomethionine, and

calibrated against standardized human plasma (Seronorm,

Billingstad, Norway). Plasma and tissue homogenates were

diluted 1:5 in a diluent consisting of 0.2% nitric acid, 0.1%

TritonTM X-100, 1% Pd(NO3)2 and 0.1% Mg(NO3)2 prior to a 20 ml

injection. The matrix modifiers Pd(NO3)2 and Mg(NO3)2
decreased the volatility of Se and prevented its loss during

thermal pretreatment. They also increased the volatility of

matrix components and promoted their removal before



b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 2 8 0 – 1 2 8 71282
atomization. Matrix matched analytical standards were

prepared identically in plasma and/or corresponding tissues

with the diluent consisting of the matrix modifiers. The

graphite furnace program consists of a two-step drying at 110

and 130 8C, pyrolysis at 1300 8C, atomization at 2100 8C and

clean out at 2400 8C. Two concentrations (600 and 100 ng/ml)

from the standard curves prepared from tissue homogenate

were processed in duplicate and used as quality control (QC)

samples for tissue samples. Other QC samples, including

plasma spiked with selenite or L-selenomethionine at two

different concentrations (one at the high end of the standard

curve (500 ng/ml) and one at the low end of the standard curve

(150 ng/ml)) were run with the test plasma samples. The

standard procedure called for repeated analysis of samples for

which the corresponding QC sample showed a coefficient of

variation (CV) greater than established acceptable values (i.e.

>15% for high-QCs; by >20% for low-QCs).

2.5. Pharmacokinetics data analysis

Se pharmacokinetic parameters were estimated by standard

non-compartmental methods (WinNonlin Version 5.0, Phar-

sight Corporation). Briefly, the terminal elimination rate

constant (ke) was computed by least squares linear regression,

and half-life was computed by 0.693/ke. Area under the

concentration time curve extrapolated to infinity (AUC0–1)

was computed using the trapizoidal rule. For this analysis,

data were pooled with the arithmetic mean Se value at each

time point used to estimate pharmacokinetic parameters. The

baseline (pre-dose) Se concentration, reflective of endogenous

Se levels, was subtracted from each measured Se concentra-

tion. Thus, the resultant oral volume of distribution, oral

clearance, and AUC represent the changes in plasma Se

following MSC supplementation. Since the dose of MSC

administered was for the hydrochloride salt, the dose used

for the pharmacokinetic analysis was corrected to reflect the

MSC base.

2.6. Statistical analysis

Data were analyzed using SAS (SAS Institute, Raleigh, NC) by

the ANOVA test, and means were compared post hoc using the

New Multiple Range test. The results of the comparisons were

considered statistically significant when the p-value was less

than 0.05.
Table 1 – Plasma pharmacokinetic parameters of sele-
nium after a single dose of oral MSC treatmenta

Cmax (mmol/l)b 8.86 � 0.23

t1/2 (h)c 7.9

AUC0–1 (mmol h/l)d 79.95

Vz/F (l)e 0.33

Clt/F (ml/min)f 0.48

a MSC dose (0.2 mg/d � 1).
b Maximum observed Se concentration.
c Half-life.
d Area under the Se plasma concentration–time curve due to MSC

supplementation.
e Apparent oral volume of distribution.
f Apparent oral clearance.
3. Results

3.1. Enhancement of irinotecan therapeutic index is MSC
dose dependent

Daily treatment with irinotecan alone (200 mg/kg week�1 � 4,

double the MTD) resulted in 50% of nude mice lethality.

Administration of daily MSC (0.01, 0.05, 0.1, or 0.2 mg/d � 28)

starting 7 d prior to irinotecan resulted in complete protection

from irinotecan-induced death in nude mice (100% survived

the combination treatment). Treatment with lower doses of

MSC (0.001 or 0.005 mg/d � 28) increased the nude mice

survival rate to 60 and 80%, respectively (Fig. 1A).
Treatment of FaDu tumors with the combination of MSC

(0.005 mg/d � 28) and irinotecan (100 mg/kg week�1 � 4, MTD)

increased the cure rate from 30% (irinotecan alone) to 80%

(Fig. 1B). The maximum cure rate of combination treatment of

100% was achieved when MSC administered at 0.01, 0.05, 0.1,

or 0.2 mg/d � 28 in combination with irinotecan (Fig. 1B). In

A253 tumors, a higher dose of MSC (0.05 mg/d � 28) was

needed to double the cure rate from 10% with irinotecan alone

to 20% after the combination treatment. Escalating the dose of

MSC to the MTD of 0.2 mg/d � 28 resulted in only 60% cure rate

after the combination treatment (Fig. 1B). MSC alone yielded

no tumor cure rate (0% in both tumors), but reduced tumor

growth by �30% (data not shown).

3.2. Pharmacokinetics of plasma Se concentration after a
single oral dose of MSC

The average plasma Se concentration in untreated controls

was 4.1 � 0.1 mmol/l. After treatment with MSC (0.2 mg/

d � 1) and normalization to untreated controls, plasma Se

concentration peaked 1 h after treatment reaching a max-

imum concentration (Cmax) of 8.9 � 0.2 mmol/l ( p < 0.001,

compared to untreated control, Fig. 2A). Plasma Se concen-

tration 24 h after MSC treatment (1.2 � 0.2 mmol/l) continued

to be significantly higher than the controls ( p < 0.05, Fig. 2A).

The area under the Se concentration time curve (AUC0–1)

was 79.95 mmol/l h; Se half-life was 7.9 h with volume of

distribution of 0.33 l and clearance rate of 0.48 ml/min

(Table 1).

3.3. Kinetics of plasma Se concentration

Nude mice were treated with MSC (0.2 mg/d) and plasma Se

concentrations were measured at day 1, 7, 14, 21 and 28 of

treatment. After normalization to Se concentration in

untreated controls (4.2 � 0.1 mmol/l), the average plasma Se

concentration significantly increased to: 5.9 � 0.5 mmol/l after

1 d MSC treatment; 6.1 � 0.3 mmol/l after 7 d MSC treatment;

8.1 � 1.4 mmol/l after 14 d MSC treatment; 8.5 � 0.6 mmol/l

after 21 d MSC treatment, and 11.5 � 0.2 mmol/l after 28 d of

MSC treatment (p < 0.001, compared to untreated controls,

Fig. 2B). The increase in the plasma Se concentration at 28 d

was statistically significant (p < 0.05), when compared with

concentrations on days 1, 7, and 21 (Fig. 2B).



Fig. 1 – The minimum effective dose of MSC to prevent toxicity (A) and augment antitumor activity of irinotecan (B). MSC is

highly effective modulator of the therapeutic index of irinotecan in human squamous cells carcinoma of the head and neck

xenografts and this efficacy is MSC dose dependent. In (A), administration of weekly irinotecan (200 mg/kg T 4, double the

MTD), resulted in 50% nude mice lethality. MSC dose of 0.01 mg/d T 28 is the minimum dose to achieve 100% protection of

nude mice from irinotecan induced toxicities. In (B), administration of weekly irinotecan (100 mg/kg T 4, MTD) resulted in

30% cure rate (CR) in FaDu tumors and 10% CR in A253. Administration of MSC alone resulted in 0% CR in both tumors but

reduced tumor growth by �30% (data not shown). The minimum MSC dose to achieve 100% CR in combination with

irinotecan in FaDu tumors was 0.01 mg/d T 28, whereas, MSC dose of 0.2 mg/d T 28 was needed to increase the cure rate of

irinotecan to 60% in A253.

b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 2 8 0 – 1 2 8 7 1283
3.4. Plasma Se concentrations after 7 d treatment with
various doses of MSC

Nude mice were treated for 7 d with different doses of MSC and

plasma Se concentrations were measured at 2 h after the last

dose of MSC. After normalization to Se levels in untreated
controls (4.2 � 0.1 mmol/l), treatment with MSC (0.01, 0.05, 0.1

or 0.2 mg/d � 7) significantly increased (p < 0.001) plasma Se

concentration, when compared with untreated controls

(Fig. 3). This increase in plasma Se concentrations was

also significant (p < 0.001), when compared to 0.005 values

(0.38 � 0.1 mmol/l) except for Se values after 0.01 MSC



Fig. 2 – Plasma selenium concentrations in mice at various

times after treatment with MSC (0.2 mg/d). In (A), after a

single dose treatment of MSC at 0.2 mg/d and

normalization to untreated controls, plasma Se

concentration peaked at 1 h (Cmax = 8.9 W 0.2 mmol/l) with

a half life (t1/2) of 7.9 h. In (B), after normalizing to

untreated controls, Se concentration reached the

highest (11.5 W 0.2 mmol/l) at 2 h after 28 d treatment with

MSC at 0.2 mg/d. Micro-molar concentration (mM) was

calculated by dividing plasma Se concentration in ng/ml

over Se molecular weight of 79. *p < 0.05, **p < 0.01,
***p < 0.001 when compared to untreated control;
yp < 0.05, yyyp < 0.001 when compared to day 1; zzzp < 0.001

when compared to day 7; ¥p < 0.05 when compared

to day 21.

Fig. 3 – Plasma selenium concentrations 2 h after 7 d

treatment with various doses of MSC. The required

plasma Se concentration before starting irinotecan to

achieve the optimal therapeutic index is ranged from

0.7 W 0.1 mmol/l after MSC 0.01 mg/d T 7 to 6.1 W 0.3 mmol/

l after MSC 0.2 mg/d T7. *p < 0.05, ***p < 0.001 when

compared to untreated control; yyyp < 0.001 when

compared to 0.005.
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treatment (Fig. 3). The lowest pretreatment level of plasma Se

associated with the complete response of the combination

treatment in FaDu tumors was 0.7 � 0.1 mmol/l.

3.5. Total selenium concentration in FaDu and A253
tumors after 7 d treatment with various doses of MSC

Nude mice bearing human xenografts of A253 and FaDu were

treated with various doses of MSC for 7 d and intratumoral Se

concentrations were measured. The basal Se concentration in

A253 tumors was 6.9 � 2.1 nmol/g. This value increased to

9.3 � 0.9, 10.4 � 4.2, 12.2 � 2, and 15.5 � 1.9 nmol/g after 7 d
treatment with MSC at doses of 0.005, 0.01, 0.05 and 0.2 mg/d,

respectively. The increases in Se concentrations in A253

tumors, except for the value after 0.01 mg/d � 7, were

significant (p < 0.05), when compared with the Se value in

A253 tumors after the lowest MSC treatment (0.005 mg/d � 7)

(Fig. 4).

The Se concentration of untreated FaDu tumors was

14.8 � 2.1 nmol/g. This value increased to 15.6 � 3.0,

15.8 � 2.2, 21.1 � 1.5, and 23.7 � 0.6 nmol/g after 7 d treatment

with MSC at doses of 0.005, 0.01, 0.05, and 0.2 mg/d,

respectively. These increases in Se concentration in FaDu

tumors, except the value after 0.01 mg/d � 7, were significant

( p < 0.05), when compared to the 0.005 treatment values

(Fig. 4).

3.6. Selenium concentrations in normal tissue after 7 d
treatment with various doses of MSC

Normal tissue from the above treated nude mice were

collected and Se concentrations of normal tissue (liver,

kidneys, small intestine, large intestine and bone marrow)

after 7 d treatment with different doses of MSC (0.005, 0.01,

0.05 and 0.2 mg/d) were measured. After treatment with

the highest of MSC dose (0.2 mg/d � 7), the liver had

the highest Se concentration of 134.3 � 27.4 nmol/g, fol-

lowed by kidneys (56.4 � 12.8 nmol/g), small intestine

(29.2 � 4.3 nmol/g), bone marrow (13.2 � 0.8 nmol/g) and

large intestine (11.8 � 1.2 nmol/g) (Table 2). With the

exception of large intestine, these values were significantly

different ( p < 0.05) from those obtained after treatment with

the lowest dose of MSC administered (0.005 mg/d � 7)

(Table 2).



Fig. 4 – Intratumoral selenium concentrations 2 h after 7 d

treatment with various doses of MSC. Intratumoral Se

concentration is always higher in FaDu tumor (more

responsive) than in A253 (less responsive) after

treatments with various doses of MSC. The minimum

FaDu Se concentration after MSC treatment, which is

required to enhance irinotecan antitumor activity to 100%,

is 15.8 W 2.2 nmol/g. A253 Se concentration was

10.4 W 4.2 nmol/g after same dose and treatment of MSC

but increased to 15.5 W 1.9 nmol/g after treatment with

MSC at 0.2 mg/d T 7. *p < 0.05, **p < 0.01, ***p < 0.001 when

compared to untreated control; yp < 0.05, yyyp < 0.001 when

compared to 0.005 in each tumor; zp < 0.05, zzp < 0.01,
zzzp < 0.001 when compared to A253.
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4. Discussion

Chemotherapy with irinotecan, a topoisomerase I poison,

alone and in combination with other anticancer drugs is

limited by lack of therapeutic selectivity and resistance. Saltz

et al. [18] reported that the response rate with irinotecan/5-FU/

leucovorin combination therapy for patients with advanced

colorectal cancer was 39%, with a median survival of 15.9
Table 2 – Selenium concentrations in normal tissue after treat

Selenium level ina

Control 0.005c

Liver 23.6 � 4.9*** 36.5 � 3.9***

Kidneys 22 � 5.4 29.7 � 1.5*

Small intestine 9.7 � 4.2 12.2 � 5.6

Large intestine 6.6 � 2.9 7.7 � 6

Bone marrow 7.5 � 1.9 8.3 � 3

a nmol/g tissue.
b Nine mice per treated group.
c MSC dose (mg/d � 7).
* p < 0.05 when compared to untreated control.
** p < 0.01 when compared to untreated control.
*** p < 0.001 when compared to untreated control.
y p < 0.05 when compared to MSC treatment at 0.005.
yy p < 0.01 when compared to MSC treatment at 0.005.
yyy p < 0.001 when compared to MSC treatment at 0.005.
months. Although the risk of tumor progression was reduced

by 36% with irinotecan/5-FU/leucovorin combination therapy,

irinotecan-induced gastrointestinal toxicities were more

common [22]. The challenge is to develop new drugs and

treatment modalities that will significantly impact cure rates,

but with minimal toxicity. Cao et al. [21] demonstrated that the

combination of MSC administered orally in a non-toxic dose

(MTD) and schedule (7 d prior to weekly i.v. schedule of

irinotecan) significantly increased the cure rates of human

head and neck xenografts and protected animals from

irinotecan-induced death.

In this study, we determined the minimum dose of MSC

needed to completely protect mice from irinotecan-induced

death to be 0.01 mg/d for 28 d (5% of MSC’s MTD). Further, a

50% reduction of this dose of MSC under this protocol still

resulted in 80% protection from irinotecan-induced death

(Fig. 1A). In FaDu tumors, enhanced irinotecan antitumor

activity resulting in complete cure (100% CR) was achieved

when MSC was administered at 0.01mg/d for 28 d, in

combination with irinotecan administered weekly at

100 mg/kg week�1 for 4 weeks. In contrast, the same dose of

MSC did not enhance cure rate in A253 tumors (Fig. 1B). In fact,

the best cure rate for A253 tumors, 60% CR, was achieved when

MSC was administered at the MTD (Fig. 1B). These results

show that MSC is highly effective in modulating the

therapeutic index of irinotecan in the treatment of human

squamous cells carcinoma of the head and neck xenografts.

Enhanced irinotecan efficacy was greater in FaDu than in A253

tumors, and depended on both MSC dose (0.01 mg/d mouse�1)

and schedule (requiring 7 d pretreatment) (Fig. 1).

Azrak et al. [23] previously evaluated and compared the

expression of multiple molecular markers in untreated

controls of A253 and FaDu xenografts that were known to

be associated with the irinotecan metabolic pathway. Briefly,

no significant difference ( p < 0.05) in expression levels of

those investigated markers was associated with the enhanced

therapeutic efficacy of irinotecan except decreased expres-

sions of ATP binding cassette transporters (ABCC1 and ABCG2,

efflux pumps of SN-38 the active metabolite of irinotecan) and

SN-38 resistant gene, developmentally regulated GTP binding
ment with various doses of MSC

MSC treatmentb

0.01 0.05 0.2

37.9 � 3.5*** 92.2 � 12.8***,yyy 134.3 � 27.4***,yyy

30.3 � 2.5* 37.2 � 6.4***,y 56.4 � 12.8***,yy

15.6 � 4.2* 16.9 � 5.6* 29.2 � 4.3***,yyy

13.2 � 5.3* 11.2 � 2.6* 11.8 � 1.2**

8.2 � 4.8 8.4 � 1.3 13.2 � 0.8***,y



Table 3 – Fold change of selenium level at day 7 in tissue
after treatment with MSC (0.2 mg/d T 7) to untreated
control

Samples Fold change of 0.2/control

A253 2.2 � 0.4

FaDu 1.6 � 0.1

Liver 5.7 � 2.3

Kidneys 2.6 � 1.0

Small intestine 3.0 � 0.4

Large intestine 1.8 � 0.2

Bone marrow 1.8 � 0.2
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protein 1 (DRG1). In addition, poorly differentiated tumors

with slower doubling time (FaDu) seemed to be more sensitive

to the combination therapies involving irinotecan [20]. In

attempt to understand the mechanism associated with the

observed synergy, the plasma and intratumoral pharmacoki-

netic parameters representing changes in total Se due to MSC

supplementation were measured. Direct measurement of MSC

pharmacokinetic parameters was not possible because there

is no available assay for MSC measurements.

Last et al. [24] demonstrated that the overall survival in

non-Hodgkin lymphoma patients is correlated to the basal

concentration of Se in their plasma, which could be

considered as a prognostic marker and predictive of dose

delivery. In this study, the peak of plasma Se level (Cmax) was

achieved 1 h after a single dose of MSC (0.2 mg/d) with a

relatively long half-life of 7.9 h (Table 1). Data presented in

Fig. 2B demonstrated that plasma Se reached the highest level

after daily treatment of MSC at the MTD for 28 d. The average

concentration of Se in plasma after a full course of daily

treatments of MSC (from day 1 to day 28) was 8.6 � 0.6 mmol/l.

Seven day pretreatment with MSC doses that completely

protected animals from irinotecan induced death (from 0.01

to 0.2 mg/d, Fig. 1A) significantly increased ( p < 0.0005)

plasma Se concentrations, ranging from 17% after 0.01 mg/

d to 145% after 0.2 mg/d, when compared to untreated control

(Fig. 3). These data indicate that the maximum increase in

irinotecan therapeutic index corresponded with a minimum

plasma Se concentration of 0.7 � 0.1 mmol/l. However,

administration of a lower dose of MSC (0.005 mg/d, 80%

protection, Fig. 1A) did not result in a significant difference in

plasma Se concentration, when compared with 0.01 mg/d of

MSC (Fig. 3). This could be explained as a result of inter

individual variability between mice; the fact that 20% of mice

were not protected with this dose of MSC could act as

cofounders contributing to the non-significant difference and

skewing Se measurements.

Although reaching a plasma Se concentration before

treatment with irinotecan might be used as a guide for

protection from irinotecan-induced toxicity, Se concentration

in normal tissue is the crucial determining factor for protection

from toxicity. Administration of MSC at 0.01 mg/d significantly

increased normal tissue Se concentrations (p < 0.05), except

for bone marrow, when compared to untreated controls

(Table 2). These tissue Se concentrations continued to be

significantly different, with higher doses of MSC, when 100%

protection was achieved. However, administration of MSC

(0.005 mg/d, 80% protection, Fig. 1A) did not significantly

increase the Se concentration in normal tissue, when

compared to untreated controls or 0.01 mg/d MSC, except for

the liver and kidneys (Table 2). The minimum Se concentration

required to protect normal tissues from irinotecan-induced

death before irinotecan administration appears to be: 37.9�
3.5 nmol/g in the liver; 30.3� 12.5 nmol/g in the kidneys;

15.6� 4.2 nmol/g in the small intestine; 13.2� 5.3 nmol/g in

the large intestine; 8.2� 4.8 nmol/g in the bone marrow

(Table 2). The fold change of normal tissue Se concentrations

after MSC (0.2 mg/d� 7) over the concentration in untreated

controls varied from 1.8-fold for bone marrow to 5.7-fold for

liver (Table 3). These results indicate that MSC treatment

increased Se concentrations in both the plasma and in
normal tissues.Two other reports are relevant to the present

findings. Beguin et al. [25,26] reported that tumors could,

depending on ‘‘tumor activity’’, retain Se and serum Se level in

patients with acute non-lymphocytic leukemia. Gianduzzo

et al. [27] showed that men who received daily oral Se

supplementation for 30 d have statistically significant higher

concentrations of Se in the prostate than those receiving a

placebo, although the Se levels in the prostate and peripheral

blood were poorly correlated. In this study, 7 d treatment with

escalating doses of MSC was associated with sequential

increases of intratumoral Se concentrations in both FaDu

and A253 tumors (Fig. 4). These data suggest that both FaDu

and A253 tumors have capabilities of accumulating Se after

administration of MSC. Further, in FaDu tumors, 7 d treatment

with MSC (0.01 mg/d, 100% CR) corresponded with Se con-

centration of 15.8� 2.2 nmol/g. However, in A253 tumors,

using the same MSC dose and schedule resulted in a lower Se

concentration (10.4 � 4.2 nmol/g) and did not modulate irino-

tecan antitumor activity (10% CR, Fig. 1). In fact, intratumoral

Se concentrations were always significantly higher in

untreated FaDu controls than in untreated A253 controls

and after administration of the same dose of MSC to both

tumors (Fig. 4). The fold change of intratumoral Se concentra-

tion of FaDu over A253 tumors ranged from 2.1-fold in

untreated controls to a significant increase (p < 0.05) of an

average of 1.6-fold after every MSC dose used (Fig. 4). These

data indicate that the capability of FaDu tumor to retain Se is

significantly better (p < 0.05) than A253 tumors. Although

administration of MSC (0.01 mg/d) increased the therapeutic

efficacy of irinotecan (Fig. 1B) in FaDu tumors, there was no

significant increase in intratumoral Se concentration after this

dose when compared to intratumoral Se concentration after

MSC dose of 0.005 mg/d (Fig. 4). However, Se concentrations in

FaDu tumors was significantly increased after higher doses of

MSC (0.05 and 0.2 mg/d) when compared to Se concentration

after the same dose of MSC (0.005 mg/d, Fig. 4). On the other

hand, in A253 tumors, the cure rate increased only with these

higher doses of MSC, which also increased Se levels in A253

tumors (Fig. 4). This could be attributed to the insensitivity

of the only available method to measure Se. Thus, the present

methodology of measuring total Se concentration is not

sufficiently sensitive and precludes drawing a conclusion of

association between intratumoral total Se concentration

and response rate at lower doses of MSC. The development

of a method to detect the active metabolite of Se, rather than

detecting total Se concentration is greatly needed.

In summary, MSC, in a dose dependent fashion, is highly

effective in modulating the therapeutic index of irinotecan in
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the treatment of FaDu than A253 tumors. Results suggest that

achievement of critical plasma and normal tissue concentra-

tions of Se may be necessary to achieve optimal protection of

normal tissue form irinotecan-induced death. To that end,

tissue and normal Se levels could be used to guide the high Se

doses, but not the low doses, needed to be administered in

order to evaluate potential for impact on the therapeutic

selectivity of anticancer drugs. Based on these preclinical data,

a phase I clinical trial of combination of MSC and irinotecan is

under development. Finally, this study raises an important

and interesting issue of whether different forms of Se (e.g.,

selenite or selenomethionine) would have different protective

effects that cannot be explained on the basis of their different

abilities to support tissue Se concentrations and also the need

for a specific and sensitive method to measure the active

metabolite of MSC (methylsenlol).
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